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Collagen is a � brillar protein (polymer consisting of amino acids) that 
forms the conjunctive and connective tissues in the human body, 

especially the skin. This molecule is one of the most abundant in many 
living organisms due to its connective role in biological structures. It has 
been established that collagen � bers are damaged with the passage 
of time, losing thickness and strength, which has been strongly related 
with skin-aging phenomena. All proteins that have a structure based on 
three helix polypeptidic chains belong to the collagen family, with 26 
types having been identi� ed. It is not enough to have the right amount 
of collagen in the right place—it also has to be the collagen of the right 
type. The most abundant types of collagen in the skin are Types I and III; 
their � brils being largely responsible for the skin's mechanical properties, 
such as strength, texture, and resilience.1

Collagen has been used in skin creams for decades, with claims that it 
improves the structure of the skin. However, questions remain regarding 
the veracity of these claims. Collagen � bers are too large to penetrate 

into the epidermis when applied to the surface of the skin. The e� ect  of 
collagen is ascribed to its penetration.2 Thus, it can be assumed that a 
collagen cream has no e� ect on skin. " Only collagen injections have some 
noticeable cosmetic e� ects, but since collagen injections are derived from 
the tissues of cows (often called bovine collagen), allergic reactions often 
occur following the injections, which has discouraged their use among 
many practitioners. 

To overcome the challenge of poor penetration of the collagen � bers, 
formulation developers use partially hydrolyzed collagen (i.e., amino acids 
or peptides) that can penetrate the skin.3 Native collagen properties are 
di� erent from those of hydrolyzed collagen. After denaturation, the triple-
helix structure of native collagen changes to a random coil form due to 
dissociation of the hydrogen bonds when collagen undergoes hydrolysis.4

This process breaks the bonds in the polypeptide chain, resulting in a large 
number of peptides. These broken-down fragments cannot reassemble 
to build collagen in the skin layers.5 Peptides and amino acids do have 
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some bene� cial biological functions, such as cell 
proliferation and a water-holding capacity, but 
they are di� erent from those of collagen itself.6

In the present research, we prepared 
micronized marine collagen (m-collagen) � bers 
and inserted them into a cream. The micronized 
collagen in the cream was found to penetrate 
the stratum corneum (SC) barrier. We used 
collagen isolated from the Molva molva � sh. 
Marine collagen is rich in type I and type III 
collagen, and its irritancy to the human skin 
is negligible.7 Particles size was measured by 
environmental scanning electron microscopy 
(ESEM) and dynamic light scattering (DLS) 
devices. Skin roughness following treatment 
with a cream containing m-collagen was 
evaluated by optical pro� lometry. 

The antioxidant activity of collagen was 
evaluated using the electron paramagnetic 
resonance (EPR) technique by measuring 
the changes in free radical production in the 
presence or absence of micro� brillar collagen.

The depth of collagen penetration in human 
skin was monitored using a non-invasive optical 
technique called iterative multiplane optical 
property extraction (IMOPE).8 The technique 
uses a laser and camera for the detection of light 

phase changes that can follow the presence 
of collagen particles in deep skin layers. The 
technique is based on light propagation through 
a di� user substance, such as skin. Since the 
optical properties of light parameters are 
a� ected by the structure of the skin, they can 
monitor the presence of di� erent particles 
within the skin layers. Optical pro� lometry was 
conducted for evaluating skin topography and 
roughness. 

METHODS
Preparation of a cream with micronized 

collagen. The newly prepared m-collagen 
was inserted, at a 0.2% concentration, into 
a basic cream consisting of: aqua (water) 
without sodium hyaluronate, cetyl alcohol, 
silybum marianum ethyl ester, isoamyl laurate, 
hydrogenated soybean oil, steareth-21, 
cetearyl ethylhexanoate, castor isostearate 
succinate, theobroma cacao (cocoa) seed 
butter, hydroxyethyl urea, steareth-2, sodium 
pyrrolidone carboxylic acid, sodium lactate, 
fructose, glycine, niacinamide, urea, inositol, 
tocopherol, 1,2-hexanediol, dimethicone, 
caprylyl glycol, xanthan gum, polyacrylate 
crosspolymer-6, trisodium ethylenediamine 
disuccinate, Magnolia o�  cinalis bark 
extract, ethylhexylglycerin, fragrance, and 
phenoxyethanol. 

Determination of collagen � ber size.
The m-collagen was characterized using DLS 
and ESEM. During DLS, the hydrodynamic 
radius of the samples was measured with a 
particle analyzer (Zetasizer Nano-ZS; Malvern 
Panalytical, Malvern, United Kingdom). ESEM 
(FEI QUANTA-FEG 250; ThermoFisher Scienti� c, 
Waltham, Massachusetts) was conducted to 
assess the size of collagen and m-collagen 

particles. Particle solution was dried on round 
coverslips (13 mm) and coated with iridium 
(Q150T ES; Quorom Technologies, Sacramento, 
California) prior to viewing. 

Skin specimen processing and 
preparation for electron microscopy. 
Fresh human skin samples were obtained 
(DA-TA BIOTECH; Rehovot, Israel) and were 
� xed in 10% bu� ered formalin and washed 
in sodium phosphate bu� er at a pH of 7.2. 
Following overnight � xation, subcutaneous 
fat was partially reduced. Samples were cut, 
leaving safety margins of 1cm between each 
investigational site and the border of the tissue. 
For visualization, samples were glued to a round 
microscope coverslip (Figure 1A). 

Samples were washed using phosphate-
bu� ered saline at 37°C (02-023-1A; Biological 
Industries, Cromwell, Connecticut) three times 
(� ve minutes each) and primarily � xed with 
Karnovsky � xative bu� er consisting of 2.5% (wt/
vol) paraformaldehyde, 2.5% glutaraldehyde, 
and 0.1 M of cacodylate bu� er for one hour at 
room temperature, then left overnight at 4°C. 

The samples were dehydrated in a series of 
graded ethanol solutions (30%, 50%, 70%, and 
95%, then three times at 100%), for 10 minutes 
each, then dried by vacuum critical point drying, 
which was performed using a Leica automatic 
EM CPD300 system (Leica, Wetzlar Germany) for 
32 runs, with a cooling temperature of 7°C, a 
heating temperature of 40°C, stirrer speed set to 
100%, and 100% advanced slow gas out.

Evaluation of skin topography. Skin 
topography and morphology were visualized 
by optical pro� lometry and ESEM, respectively. 
Optical pro� lometry was conducted for 
evaluating skin topography and roughness on 
wet skin after initial overnight � xation in 10% 
paraformaldehyde solution (Figure 1B) using a 
three-dimensional measuring laser microscope 
(Olympus LEXT OLS4100; Olympus Corp., Tokyo, 
Japan), allowing for a non-contact measuring 
of the microstructure surface. In order to do 
a comparative study of skin topography and 
roughness, the arithmetical mean roughness 
(Sa), arithmetical di� erence between the 
highest and the lowest points (Sz), and the 
root mean squared (RMS) roughness (Sq) were 
calculated. The (Sp) maximum peak height 
and (Sv) maximum valley depth were also 
measured. 

FIGURE 1. (A) Skin specimen preparation for ESEM; (B) Skin specimen preparation for pro� lometry

FIGURE 2. Typical DMPO-OH EPR spectrum
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Determination of antioxidative 
capability of collagen/m-collagen using 
EPR spectroscopy. EPR is a sensitive technique 
for determining reactive oxygen species in 
certain conditions, such as the presence of 
hydroxyl radicals. In the present study, hydroxyl 
radicals were generated by performing a Fenton 
reaction with the following equation: Fe2+ + 
H2O2→ Fe3+ + OH* + OH−.

Hydroxyl radicals have a short half-life (ns-
ms), making them di�  cult to detect directly, 
there is a need to add a spin trap, which bounds 
the hydroxyl radicals, to yield a long-lived 
free radical, called a spin adduct, that can be 
detected by the EPR technique.9

We used 5,5-dimethyl-1-pyrroline-N-
oxide (DMPO) to trap hydroxyl radicals to 
yield DMPO-OH, which has a quartet signal 
in the EPR spectrum. Figure 2 shows a typical 
EPR spectrum of DMPO-OH adduct, which is 
characterized by its 1:2:2:1 quartet of lines and 
hyper� ne splitting constant aN and aH = 14.9. 
The area under the quartet signal is proportional 
to the amount of hydroxyl radicals.

When the Fenton reaction is performed in 
the presence of m-collagen or native collagen, 
there is a reduction in the quartet signal, which 
indicates its antioxidative activity.

In order to detect OH radicals, we used the 
sensitive technique X-band EPR spectroscopy 
coupled with spin trap DMPO. DMPO (38 mM; 
Sigma-Aldrich, St. Louis, Missouri) was puri� ed 
with activated carbon (Thermo Fisher Scienti� c, 
Waltham, Massachusetts). The antioxidant 
activities of the compounds were determined 
by measuring the amount of hydroxyl radical 
produced via the Fenton reaction before and 
after the addition of collagen/m-collagen. The 
measured 100-μL aqueous suspensions mixture 
was comprised as follows: H2O2 (4400 μM,10 
μL) + FeSO4 (500 μM ,10 μL) DMPO + DDW/
collagen/m- collagen (10 μL) + MES bu� er pH 
= 6 (65 μL)+ DMPO (5 μL). 

The mixture solution was introduced into 
a capillary micropipette (BRAND GMBH, 
Wertheim, Germany) and placed in a standard 
rectangular Bruker EPR cavity (ER 4119 HS) 
of the Bruker ELEXSYSE500cw X-band EPR 
spectrometer (Bruker, Billerica, Massachusetts). 
The room temperature spectra were acquired at 
a microwave frequency of 9.8 GHz, microwave 
power of 20 mW, and a sweep width of 100 
G (centered at 3518 G) with a modulation 
amplitude of 1 G. 

IMOPE measurements of skin 
penetration by the new collagen cream 
formulation. The recently developed IMOPE 
technique is based on light propagation through 
a di� user substance such as the skin. Since the 
optical properties of the light parameters are 
a� ected by the structure of the skin, they can 
monitor presence of di� erent particles within 
the skin layers.

Skin sample preparation. Fresh human 
skin samples obtained (DA-TA BIOTECH; 
Rehovot, Israel) were examined macroscopically 
and microscopically to be intact without 
damage scars. Skin areas of 2cm² were treated 
in whole. Each cream sample (0.2 gr) was 
applied and spread gently by cotton swab. 
During treatment, skin samples were placed on 
top of moist fabric in 3.5-cm Petri dishes (Figure 
3). The skin was kept moist with the applied 
cream for 3 h. 

The evaluation of the penetration depth 

of the collagen into the skin samples was 
conducted using the IMOPE technique.8,10–15

This technique extracts the reduced scattering 
coe�  cient based on the re-emitted light phase. 
The presence of particles within the tissue can 
a� ect the scattering value that is extracted. By 
assessing changes in the extracted scattering 
properties, IMOPE can sense the presence of 
particles at di� erent depths in the tissue. 

The IMOPE process starts with recording 
light-intensity images using an experimental 
setup. The intensity images are then used by 
an iterative algorithm16 for reconstructing 
the phase that had been lost once the images 
were captured. Having reconstructed the 
phase image, its distribution is calculated and 
compared to a theoretical model in order to 
extract the scattering properties of the sample.

IMOPE experimental setup. The 
experiments were conducted using the IMOPE 
experimental setup for recording light-intensity 

FIGURE 3. Skin samples following application of the treated and untreated collagen facial creams

FIGURE 4. The experimental setup composed of a laser, polarizers for optical clearing purposes, a lens to focus the 
laser beam, and a camera for recording light-intensity images. The lens, polarizer, and camera assembly sits on a stage, 
which enables recording of images at di� erent depths.
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images at di� erent locations along the z-axis, as 
presented in Figure 4. The experimental setup 
is composed of a laser with a wavelength of 
µ=633 nm, which is preferable for biomedical 
applications. The other components within 
the setup were a lens, polarizers, and a CMOS 
camera (ThorLabs, Newton, New Jersey). 
The lens is used to focus the light beam, the 
polarizers for optical clearing purposes, and 
the CMOS camera for recording the light-
intensity images. The skin samples were set 
on a three-axis micrometer stage (ThorLabs, 
Newton, New Jersey) for adjustments in the 
x, y and z directions. For each sample, three 
points were measured, the re� ected phase was 
reconstructed, and its distribution, speci� cally 

the RMS, was calculated using the IMOPE 
technique. The phase RMS was computed from 
a circular area with a radius size according to the 
tissue layer we were looking for.

For each tissue sample, we examined the 
computed RMS before applying the cream (0 
h) and three hours after applying it (3 h). Since 
there is no real di� erence between the skin 
samples before applying the di� erent creams, 
we calculated the average phase RMS at 0 h 
from all samples together. 

To examine the penetration depth of the 
collagen, we conducted a depth-scanning 
analysis. During depth scanning, the phase 
RMS is computed along the z-axis. The phase 
RMS of each sample was computed using the 

same algorithm parameters, a reconstruction 
thickness of 1.9 mm, and a distance between 
planes of 635 µm. The reconstruction was 
completed along the z-axis, starting before the 
sample and advancing through the surface into 
the deeper layers.

Scattering properties of tissue layers. To 
analyze the IMOPE results, we � rst conducted a 
literature search for optical properties of human 
abdominal skin layers and their thicknesses.17

The skin tissue was divided into two layers, i.e., 
the SC (0.02 mm) and epidermis (0.1 mm). For 
each tissue layer, the phase RMS was calculated 
from a speci� c circular area in accordance with 
the tissue’s scattering. With this method, in a 
single phase image in a speci� c scan, we can 
analyze di� erent layers in di� erent depths. 

RESULTS
Collagen size. The purpose for reducing 

the collagen � bers size is to facilitate their 
delivery to deep human tissues. Once collagen 
microparticles cross the SC, they increase the 
skin's mechanical properties, such as strength, 
texture, and resilience.

In the present work, we used a new technique 
to produce a signi� cant reduction in collagen 
� ber size. The reduced sizes were evaluated 
using DLS and electron microscopy techniques. 
The hydrodynamic size as measured by DLS was 
368 ± 103 nm (polydispersity index [PDI], 0.959 
± 0.04). ESEM images showed (Figure 5) that 
the original mesh-shaped collagen � bers went 
through a micronization procedure, resulting in 
the formation of micronized collagen � bers with 
sizes of around 120 nm.

Mesh-structured collagen (Figure 5A) cannot 
enter the skin. Thus, when simply applied in a 
cream, collagen remains locked outside, without 
a� ecting the skin structure. However, our small 
treated collagen � bers, measuring around 
120nm (Figure 5B), can cross the SC and a� ect 
the inner skin structure.

Skin topography measurements 
following m-collagen face cream 
treatment. Pro� lometric data were obtained 
from analyzing skin samples treated with 
either the test formulation (base cream with 
m-collagen) or control (base cream with native 
collagen) at di� erent magni� cations (× 5, ×10, 
and ×20). The results for the topographical data 
(at ×5 magni� cation) are summarized in Table 
1. The results show an improvement in skin 
topography in all parameters. Skin topography 

TABLE 1. Topographical data
SP (MΜ) SV (MΜ) SZ (MΜ) SQ (MΜ) SA (MΜ)

Test formulation 74.843 78.690 153.532 6.777 4.868
Control 70.171 88.716 158.886 8.653 6.201

FIGURE 5. (A) Scanning electron microscopy image of the original collagen � bers; (B) Scanning electron microscopy 
image of the treated collagen � bers

FIGURE 6. Cross-sections of the skin as taken by ESEM: (A) control and (B) treated cream
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was also visualized by ESEM imaging. 
It can be observed in Figure 6B that, following 

the application of the treated cream, the SC 
layer seemed to be become better connected to 
the stratum lucidum/stratum granulosum layers 
(Figure 6A). 

Anti-oxidative activity of collagen and 
m-collagen. We observed an increase in the 
antioxidant activity of micro� brillar collagen 
(Figure 7C) compared to native collagen (Figure 
7B). A 77% reduction in the intensity of OH 
radicals was observed following the addition of 
micro� brillar collagen, while a reduction of only 
36% was observed with the native collagen. 

Collagen skin permeation. It is di�  cult 
to detect changes in collagen amounts within 
the skin layers since skin is rich in collagen. 
Immuno� uorescence-labeled antigen-based 
techniques failed to detect the penetration 
depth of collagen into the skin.

Recently, we succeeded in monitoring 
collagen penetration to the SC and epidermis 
skin layers using a new non-invasive optical 
technique called IMOP.8

Following computational analysis of the 
changes in the phase RMS as a result of 
application of a cream containing collagen 
on the skin samples, we could evaluate the 
presence (particle distribution) of treated 
(m-collagen) and untreated collagen in the SC 
and epidermis layers of human skin samples 
(Figure 8).

In Figure 8, only curves on the positive 
domain (y-axis > 0) monitor the existence of 
collagen particles in the depth of the human 
skin samples (SC and epidermis). It can be seen 
that treated collagen (m-xollagen) exists in the 
SC (red line) and the epidermis (blue line). The 
amount of m-collagen in the epidermis was 
greater than that in the SC and increased in the 
deep epidermis layer. The native collagen (green 
and pink curves) remains on the skin surface. 
Three hours after application, the m-collagen 
reached the epidermis layer, whereas untreated 
collagen did not penetrate the skin at all.

CONCLUSION
The skin contains large amounts of collagen, 

whose � bers are responsible for the skin's 
mechanical characteristics, such as strength, 
texture, and resilience. One of the most 
important factors causing skin aging is a 
reduction in collagen in the dermal matrix.18

Native collagen (not hydrolized collagen) 

cannot enter the skin barrier, so the available 
collagen creams in the market cannot replace 
the collagen lost to aging. The investigated 
facial collagen cream appeared to allow 
administration of fully functional collagen 
� bers into the deeper layers of the human skin 
samples. However, these collagen � bers are 

smaller relative to those of native collagen, and 
can break down quicker in the skin.The IMOPE 
technique is an excellent tool for identifying 
new added particles in the skin layers. However, 
it is impossible to exactly localize the particles 
within each speci� c skin layer. 

FIGURE 7. ROS formation: (A) Fenton, (B) collagen, and (C) micro� brillar collagen.

FIGURE 8. The phase RMS di� erence before and after applying the cream with treated/untreated collagen. For each 
skin sample, the change in the RMS, following the cream application, was computed for the SC (red and pink lines) and 
epidermis (blue and green lines). 
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